OBJECTIVES: Owing to the great absorption capability of the pleura for transudates, the protein content of draining pleural fluid may be considered as a more adequate determinant than its daily draining amount in the decision-making for earlier chest tube removal. In an a priori pilot study, we observed that the initially draining protein-rich exudate converts to a transudate quickly in most patients after lobectomies. Thus, chest tubes draining high-volume but low-protein fluids can safely be removed earlier in the absence of an air leak. This randomized study aims to investigate the validity and clinical applicability of this hypothesis as well as its influence on the timing for chest tube removal and earlier discharge after lobectomy.
INTRODUCTION
The time elapsed until removal of the chest tubes directly influences the length of hospital stay in patients who are otherwise making an uneventful recovery following thoracotomy. In general, the amount of daily pleural drainage together with its macroscopic appearance (how bloody it looks) determines the time for drain removal in the absence of an air leak. However, the policy for drain removal varies significantly among surgeons. Although the associated physiology is quite complex, it is well known that the pleura have a great absorption capability for transudates reaching 28 times the normal level [1, 2] . On the basis of this assumption, we conducted an a priori observational pilot study in 2004 assessing the pattern of protein content of the pleural drainage fluid during the early postoperative period in 50 consecutive cases of straightforward lobectomy. We found that initially draining protein-rich exudate converted to a transudate very quickly in most patients. The pleural fluid to blood protein ratio (PrR Pl/B ) decreased below 0.5, which is the cut-off value for exudates [3, 4] in most cases (39 of 46 cases; 85%) by the second postoperative day and remained low on subsequent days. Given that the surgeons who were making the decision for chest tube removal were blinded to the results until the end of this pilot study, chest tubes could be removed in only 11 (22%) of the patients by the third postoperative day, despite PrR Pl/B remaining well below the cut-off value [5] .
Therefore, contrary to general conception, we hypothesized that the protein content of the pleural drainage fluid would be a more reliable and precise determinant than its daily draining amount concerning earlier chest tube removal following lobectomy. Although most of the clinical trials were designed to investigate the topic from the view of prolonged air leak, to date, there is no report questioning the problem from this perspective. The primary aim of this prospective and randomized study was to assess the validity of our hypothesis in an experimental clinical model. The secondary aim was to evaluate whether earlier chest tube removal shortens hospital stay without necessitating hospital readmissions or drainage procedures of any kind owing to significant fluid reaccumulation in the pleural space.
MATERIALS AND METHODS
During the study period between January 2006 and July 2009, 127 consecutive patients underwent elective straightforward lobectomy in our clinic. To avoid selection bias, 55 patients with a history of a previous pleural disease and undergoing either redo thoracotomies, resections following induction therapy, partial removal of either parietal pleura or chest wall for any reason, re-explorations for postoperative bleeding as well as patients with air leak lasting beyond the third postoperative day were excluded. The remaining 72 patients (58 male; 14 female) with a mean age of 60.1 ± 8.4 (range: 32-76) were included in this prospective study. Informed consent was obtained for all patients before enrolment in the study.
All operations were either performed or supervised by senior authors (Guven Olgac and Cemal Asim Kutlu) of this study. Meticulous attention was spent to minimize postoperative air leaks and to avoid excessive drainage during surgery and during the early postoperative period. Diligent pain management and application of aggressive chest physiotherapy for early ambulation of all patients were routine. Systematic lymph node dissection was performed for all patients with primary lung cancer. A single 24-F chest tube with a couple of additional holes within 2-3 cm distal from the pleural entry site was used for most (n = 59, 82%) patients. It was inserted via the seventh or eighth intercostal space between the anterior and mid-axillary lines. However, in cases of lower lobectomy or middle and lower bilobectomy, a second chest tube of the same size was also inserted through the eighth or ninth intercostal space at the posterior axillary line and positioned basally.
To avoid major bias associated with surgeon's preference on number and positioning of the chest tubes, patients were randomized into two groups in the morning of the first postoperative day using a closed envelope method. While the protein content of the pleural drainage fluid and also its amount were recorded daily, the blood protein level was measured for only the first postoperative day in each patient, because there were no significant fluctuations in the early postoperative period as revealed by the former pilot study.
Pleural fluid samples were taken from the most dependent chest tube every morning until the third postoperative day or earlier if such a tube was removed beforehand. Samples of the pleural fluid and the blood were collected in 5-ml plastic blood specimen bottles containing gel barriers at the bottom and transferred to the laboratory immediately. Serum of the specimens was obtained after centrifugation of the specimen bottles for 10 min at a rate of 2500 rpm. Total protein measurements were attained using 7D73-20 total protein reagent in ARCHITECT C8000 chemistry analyser (Abbott Laboratories, IL, USA).
Chest tubes were removed if PrR Pl/B was equal to or below 0.5 regardless of its daily draining amount in the study arm (Group S; n = 38). By contrast, patients in the control arm (Group C; n = 34) had their chest tubes removed if daily drainage was equal to or less than 250 ml regardless of its protein content. Additionally, in patients with single chest tubes, the absence of air leak for at least 12 h was a prerequisite before chest tube removal. In cases with two chest tubes, both were removed without time limitation, even on the same day if removal criteria were met. Identifying the termination of air leaks was based on periodical direct visual observations in at least 4-hourly intervals by the resident in-charge and marked in the patient's daily drainage chart. Absence of air leak was defined as no bubbles coming from the chest tube(s) on deep breathing and vigorous coughing and further confirmed by a 'Valsalva' manoeuvre. A control chest X-ray was obtained after drain removal and all patients were discharged home after 2 h of observation, provided that they are fully ambulatory and able to maintain self-care. However, they stayed overnight if the discharge time was delayed after 6.00 p.m. All patients were followed up regarding the development of symptomatic pleural effusion in an outpatient setting until 30 days postoperatively.
A 'symptomatic pleural effusion' was defined as accumulation of fluid in the pleural cavity that causes either a mediastinal shift towards the opposite site or considerable compression to the remaining lung prohibiting its expansion, which was proved radiologically, and increasing fluid accumulation within soft tissue layers of the chest wall around the site of incision with the presence of at least one symptom that is attributed to the accumulated pleural fluid.
Statistical and sample size analysis
Data analysis was performed using Statistica for Windows® v6.0 (StatSoft, Inc., Tulsa, OK, USA). Either Student's t-or Mann-Whitney U-tests were used for intergroup comparisons of continuous variables, depending on their distribution. Categorical variables were compared between the groups using two-tailed Fisher's exact test. Pearson's product-moment correlation was used for the evaluation of any relationship among continuous variables. Repeated measures of ANOVA design with sigma-restricted parametrization and Type VI (unique) calculations of 'sums of squares' were utilized to compare the mean values of PrR Pl/B in 3 subsequent postoperative days. To assess the validity of the results of our a priori observational pilot study and the primary outcome of our hypothesis, withingroup contrast was created as a post hoc test, comparing the mean value of the PrR Pl/B on the first postoperative day with those on the second and third postoperative days. Finally, McNemar's paired proportions test (a modification of Fisher's exact test) was performed to compare the frequencies of drain removal occasions between the groups on subsequent postoperative days and also to investigate the validation of the secondary outcomes of this study. Results with a P-value of less than 0.05 were considered statistically significant.
A sample size analysis was conducted on the basis of McNemar's paired proportions test and the results of our observational pilot study (unpublished data). This revealed that 72 patients would be required in the study to consider a 25% difference to be statistically significant between two occasions at an α level of 0.05 with a power goal of 0.80. Post hoc power analysis confirmed that a power of 0.91 be achieved to consider 31% difference between the two occasions as statistically significant at an actual α level of 0.035 with 72 patients in the present study.
RESULTS
Blood protein levels on the preoperative and the first postoperative days were within normal limits in all patients and did not differ between the groups. Demographic and clinical characteristics were also similar among the groups and are presented in Table 1 . PrR Pl/B was 0.65 and 0.67 (95% CI = 0.60-0.69 and 0.62-0.72, respectively) on the first postoperative day, and it remarkably decreased to 0.39 and 0.33 (95% CI = 0.33-0.45 and 0.27-0.39, respectively) on the second day in Groups S and C, respectively, and remained below 0.5 on the third day (repeated measures of ANOVA design, post hoc 'within-group' comparison of the first postoperative day with postoperative second and third days; P < 0.002; Fig. 1 ).
The amount of daily drainage did not correlate well with corresponding PrR Pl/B values during the first, second and third postoperative days in neither groups (Pearson's product-moment correlation, r = 0.09, P = 0.4; r = −0.03, P = 0.9 and r = 0.18, P = 0.6 for Group S and r = 0.19, P = 0.3; r = 0.03, P = 0.9 and r = 0.05, P = 0.8 for Group C; Fig. 2A-C) . Similar to our pilot study, only 25% (18/72) of patients were draining a transudate on the first postoperative day, whereas 70% (41/59) and 88% (29/33) of remaining patients drained a transudate on the second and third days, respectively, in this cohort of patients.
Chest tubes were removed in 11 of 38 (29%) and 16 of 27 (59%) patients on the first and second postoperative days, respectively, in Group S; however, only two of 34 (6%) and ten of 32 (31%) patients had their chest tubes removed during the same period in Group C. Considering the number of patients remaining with the chest tubes, this difference reached its highest significance by the third postoperative day (two-tailed Fisher's exact test; P = 0.02, 0.005 and 0.003 for the first, second and third postoperative days, respectively; Table 2 ). Accordingly, the mean chest tube removal time (2.1 ± 0.9 vs 2.9 ± 1.0 days; Student's t-test, P <0.001) and the median days of hospital stay [3 days (IQR: 1-3 days) vs 4 days (IQR: 2-4 days), Mann-Whitney U-test, P < 0.003] were also significantly shorter in Group S than in Group C (Table 1) .
At the time of drain removal, the median daily draining amount was 460 ml (IQR: 410-510 ml; max. 650 ml) and 230 ml (IQR: 230-240 ml; max. 250 ml) in Groups S and C, respectively (MannWhitney U-test, P < 0.0001). On the third postoperative day, daily drainage remained ≥250 ml in 22 (65%) patients, among whom, 17 (77%) would have their chest tubes removed on the basis of PrR Pl/B in Group C. However, drains could not be removed due to high protein content of draining fluid despite acceptable daily drainage in only three (27%) of 11 cases in Group S (McNemar's paired proportions test; P = 0.009). The number of inserted chest tubes, whether single or double, did not influence the daily draining volume or its PrR Pl/B value in a subgroup comparison. None of the patients required a redrainage procedure; neither was there any rehospitalization owing to a persistent or a symptomatic pleural effusion.
DISCUSSION
The length of hospital stay following lung resections is considered as one of the main concerns in current practice. Several issues, including wide acceptance of less invasive resection techniques, considerable improvements on postoperative pain management, recent advances in reducing the rate of prolonged air leaks and increased use of Heimlich valves for this reason, have resulted in a significant decrease in hospital stay following lung resections. In this respect, recommended policies aimed at early removal of the chest tubes after lung resections have been the focus of interest among thoracic surgeons in recent years. Although the topic has widely been investigated by many well-designed prospective and randomized clinical trials regarding prolonged air leak, there has been only a few studies addressing the impact of daily draining volume to the length of hospital stay.
Taking the amount of daily drainage as a chest tube removal criterion, Cerfolio and Bryant reported their experience and suggested that 450 ml day −1 can be accepted as a safe limit [6] . This was probably the most challenging observation ever reported. However, Grodzki [7] failed to validate this approach with his 40 patients, of whom, six were readmitted due to unresolving symptomatic pleural effusions requiring drainage and, thus, he denied Cerfolio's aggressive approach. Compared with our policy, Cerfolio et al. used only direct observation of the macroscopic appearance of the draining media without any comparable and reproducible parameter rather than daily draining amount in their study, making the validation of their approach difficult or almost impossible by others, and probably this was the major flaw of their study. A consensus is yet to be achieved concerning the safe upper limit for earlier chest tube removal.
Fluid itself does not cause any unfavourable effect within the chest cavity if the pleura are functioning properly. Previously published animal studies revealed that a complex mechanism exists for fluid turnover in the pleural space and the amount that can be cleared is substantial. Although the subject has not been investigated in recent years, two historical studies demonstrated that the rate of fluid clearance through the pleural lymphatics is 350-700 ml day −1 (0.22-0.40 ml kg
The same studies also proved that protein level remains stable in the pleural cavity, suggesting the poor absorption rate of proteins from the pleural surfaces. Therefore, the proteinrich fluid owing to oozing of blood needs to be removed from the pleural space during the early postoperative period. Otherwise, it may not only cause accumulation of excessive fluid secondary to increased colloid osmotic pressure as stated by 'Starling's Law' in the context of pleural fluid dynamics [8] , but high protein content of accumulated fluid might also provoke unwanted consequences necessitating further surgical interventions. Therefore, apart from evacuation of the air, the main function of the chest drain(s) should be removal of 'high protein content' rather than 'excessive volume' of pleural fluid during the early postoperative period.
It is widely accepted that when the drainage fluid looks serohaemorrhagic, it is an indication for drain removal. However, to us, this is the most unclear and controversial issue among all factors associated with timing for removal. That is to say, an exudate might look very serological (similar to the serum of centrifugated whole blood) despite a very high content of protein with a trace amount of blood mimicking a transudate; or conversely, a transudate might look blurred due to contamination from a little amount of blood mimicking an exudate. On the basis of long observations on both studies, we can conveniently say that appearance of the fluid is unreliable and, therefore, should not be considered as an important parameter in the decision-making process for the removal of chest tubes postoperatively. Thus, we decided to use PrR Pl/B as one of the previous 'Light's criteria' to differentiate exudates from transudates. Its cut-off value of 0.5 has long been used in decision-making for chest tube insertion in patients with complicated pleural effusions. The other criterion is the ratio of the LDH. If the protein ratio is higher than 0.5 or the LDH ratio is above 0.6, it indicates an exudative effusion, a so-called 'complicated pleural effusion' that needs evacuation [3, 4] . Reliability of this approach has been validated and commonly applied to the routine practice of both chest physicians and thoracic surgeons for many years. It constitutes the main rationale of our hypothesis, to say that 'if higher protein content was an indication for chest tube insertion, then lesser protein content might be regarded as time for its removal'.
There is always some residual space, a so-called 'expansion failure' within the pleural cavity after a lobectomy during the early postoperative period. As a result, it is extremely common to detect an air-fluid level on postoperative chest X-rays, especially after upper lobectomies or upper and middle bi-lobectomies. In the absence of an air leak, it has no clinical importance because it is completely absorbed within a few months in most cases. To reduce the space, there are a few compensatory mechanisms, such as overexpansion of the remaining lung, mediastinal shifting towards the lobectomy side, elevation of the ipsilateral diaphragm and narrowing of the intercostal spaces. The extent of residual space together with promptness of these compensatory mechanisms designate the time for eventual complete resolution. This takes a few months in most cases, but can last as long as a year in some.
None of the patients from any group was rehospitalized due to intractable and symptomatic pleural effusion as described above. This positive outcome strongly supported our hypothesis that protein content was a better predictor for drain removal regardless of the daily draining amount. At the time of drain removal, the daily draining amount was considerably higher in our study group than in existing routine policies. This observation also suggests that even 450 ml day −1 is too conservative, provided its protein content is low. After perceiving this clear evidence in our two studies, we advocate that chest tubes can be removed on occasions when the daily draining amount is even more than observed. The great absorption capacity of healthy pleura, which was confirmed by this statistically powerful study, encouraged us to further extend the limits of our drain removal policy. Most recently, we are investigating our assumption for a subgroup of patients who were excluded from the current study, such as those with redo thoracotomies, re-explorations and partial removal of the parietal pleura. This is also another matter of concern that needs further investigation in an attempt to define a cut-off value of PrR Pl/B for safe drain removal in different clinical scenarios.
Limitation of the study
The lack of any complications relating to accumulation of excessive pleural effusion did not allow us to perform a logistic regression analysis to define a cut-off value for safe chest tube removal on the basis of our assumption and, therefore, was the only limitation of our study. Certainly, proof of a more precise cut-off value is required to shorten chest tube removal time.
In conclusion, this study suggests that chest tubes, regardless of the daily drainage, can safely be removed earlier than anticipated in most patients after lobectomy if the protein content of the draining fluid is low. We believe that our simple chest tube removal policy has a role in efforts to reduce postoperative hospital stay. Early hospital discharge following lung resection not only offers several advantages to both patients and clinicians, but also significantly decreases the treatment costs for healthcare providers.
